This paper describes a facile and effective method to synthesize gold nanoflowers (AuNFs) by a controllable electrodeposition method induced by a L-cysteamine (L-Cys) monolayer self-assembled on the surface of a gold electrode. The AuNFs/L-Cys/Au electrodes were characterized by field emission scanning electron microscopy (FE-SEM), cyclic voltammetry, and AC impedance spectroscopy methods. This obtained AuNFs/L-Cys/Au electrode exhibits excellent electrocatalytic activity towards the oxidation of dopamine (DA) due to the synergistic effect of AuNFs and a L-Cys monolayer. Differential pulse voltammetry (DPV) experiment results show that the oxidation peak of DA is separated from the oxidation peaks of ascorbic acid (AA) and uric acid (UA), which can be used to detect DA in the presence of AA and UA, and the results are satisfactory.
Introduction
The assembly of metal clusters into functionalized architectures has attracted much attention because they can be designed and fabricated as novel electrochemical sensors, 1 which will decrease the over-potential, increase the reaction rate and sensitivity, and improve the selectivity. Metal nanoclusters by controllable adsorption onto a self-assembled monolayer (SAM) have been reported by many research groups. [2] [3] [4] [5] Several noble conductive materials, such as Au and Pt are currently under investigation as electrochemical sensor materials. [6] [7] [8] Kolb and coworkers [9] [10] [11] found that a metal layer could be formed on an organic surface by electrochemical deposition. Recently, Au nanoclusters have triggered enormous interest based on their chemical stability favoring the formation of nanoclusters. 12, 13 In comparison with gold nanoparticles, gold nanoflowers (AuNFs) possessed a unique surface structure and high surface-to-volume ratio, which might improve the behaviors of electrocatalysis and electrochemical immunoassay. [14] [15] [16] Dopamine (DA) is extensively distributed in the mammalian brain, which has a significant role in human metabolism as well as in the central nervous and renal systems. There have been a lot of analytical methodologies developed to detect DA, but the electrochemical method has advantages over other methods 17, 18 in the determination of DA using the traditional three-electrode system. In the past decades, different approaches have been attempted to increase the sensitivity and the selectivity of the electrode process. [19] [20] [21] [22] [23] [24] [25] [26] [27] Up to now, it is still a major target to electrochemically detect DA with both high selectivity and sensitivity. [28] [29] [30] [31] It is well-known that cysteamine can easily be modified on the surface of a Au electrode by the self-assembly method due to the strong interaction between its thiol group and the Au surface. 32 In this work, a cysteamine monolayer was firstly immobilized on the surface of a Au electrode, and then, AuNFs become controllably electro-deposited on the top of the cysteamine monolayer based on the electrostatic interaction between a positive amine group and negative AuCl4 3-ions. Our experimental results show that the AuNFs/L-Cys modified electrode has excellent electrocatalytic activity towards the oxidation of dopamine, ascorbic acid and uric acid due to a synergistic effect of the AuNFs and L-Cys monolayer, which can be used to detect dopamine in the presence of ascorbic acid and uric acid.
Experimental

Reagents and chemicals
All reagents were at least of analytical reagent grade, and were obtained without further purification. Cysteamine hydrochloride (L-Cys), dopamine (DA), ascorbic acid (AA), uric acid (UA), and HAuCI4·4H2O were purchased from Shanghai Chemicals Co. Ltd. (Shanghai, China). Aqueous solutions were prepared with doubly distilled water. High-purity nitrogen was used for deaeration of the prepared aqueous solution. Phosphate buffer solutions (PBS) with different pH values were prepared by mixing 0.2 M Na2HPO4 and 0.2 M KH2PO4. The pH values were adjusted by the addition of 1.0 M H3PO4 and 1.0 M NaOH solution. All experiments were carried out at room temperature.
Apparatus
All electrochemical experiments were conducted at a CHI660C electrochemical workstation (Shanghai, China) with the traditional three-electrode system, which consisted of a modified electrode as a work electrode, a Pt foil auxiliary electrode, and a Ag/AgCl reference electrode. Scanning electron microscopy (SEM) measurements were performed at a JSM-6700F field emission scanning electron microanalyzer (JEOL, Japan).
Fabrication of electrodes
A bare Au electrode was polished successively with 6, 1, 0.05 μm alumina slurries, and then the electrode was cleaned with doubly distilled water and ethanol in an ultrasonic bath. The well-polished electrode was then electrochemically cleaned by cycling the potential between -0.2 and 0.6 V in 0.5 M H2SO4 at a scan rate of 0.1 V/s until a typical characteristic of a clean Au electrode was obtained. The cleaned Au electrode was immersed into a 10 mM L-Cys solution for 12 h, and a L-Cys monolayer could be formed on the surface of a Au electrode. 32, 33 The L-Cys monolayer modified on the electrode surface can electrostatically interact with biomolecules and enhance the electron transfer rate. 34 Growth of AuNFs on L-Cys monolayer film and Au nanoparticles (AuNPs) on a bare gold electrode surface took place in a 0.1 M PBS solution containing 0.25 mg/L HAuCI4 by CV scanning at a potential range between -0.2 and +0.6 V for 20 cycles with a scan rate of 50 mV/s.
Results and Discussion
Characterization of the AuNFs/L-Cys modified electrode
SEM has been used to investigate the surface structure of these hybrid nanomaterials; the results are shown in Fig. 1 . Figure 1(a) shows an image of Au nanoparticles (AuNPs) deposited on a bare Au electrode, and Fig. 1(b) gives an image of Au nanoflowers (AuNFs) deposited on a cysteamine monolayer modified Au electrode. It can be seen from Fig. 1(b) that with the average diameter of 200 nm, the AuNFs were formed by many small AuNPs. However, for the electrodeposition process taking place on a bare Au electrode surface, only a few of AuNPs can be seen in Fig. 1(a) ; no clusters or flowers-shape can be observed. The observed results essentially illustrate that the L-Cys monolayer can induce the formation of AuNFs. The mechanism of forming AuNFs may be attributed to the inhomogeneous diffusion of AuCl4 -ions on the L-Cys/Au electrode surface.
As reported previously, 35, 36 the electrodeposition process always contains the following steps: the electrochemical reaction (or electron transfer) step and the crystallization (nucleation and growth) step. At the beginning, Au atoms will be produced on the surface of a substrate by the electrochemical reduction of AuCl4 -, and then the Au nuclei will undergo crystal growth and form small Au nanoparticles. For a bare Au electrode, a large number of small AuNPs will be formed at the initial step, and then the AuCl4 -ions will diffuse onto the surface of these nanoparticles. Because the space between small particles is limited, some of the particles will be merged into the large size of rods or particles, as shown in Fig. 1(a) . On the other hand, when the surface of the Au electrode is covered by a L-Cys monolayer, a strong electrostatic interaction will appear between the positive amino group on the L-Cys monolayer and negative AuCl4 -in the solution; and also, small AuNPs will be formed on the top of the L-Cys monolayer if a reduction potential is added (shown in Fig. S1 , Supporting Information). However, it is well-known that there are pinholes or defect sites on a L-Cys monolayer modified Au electrode, 37 and that the nucleation and growth process will take place within these pinholes or defect sites. Moreover, AuCl4
-diffusion between these pinholes or defect sites (three-dimensional diffusion process) and the areas covered by the L-Cys monolayer (two-dimensional diffusion process) is different, and thus AuNFs will be formed on these pinholes or defect sites due to the fast diffusion speed (three-dimensional diffusion) and inhomogeneous distribution of AuCl4 -on the surface of Au electrode (shown in Fig. 1b ), but the other areas are covered by small AuNPs (shown in Fig. S1 ).
AC electrochemical impedance spectroscopy (EIS) has been extensively applied to investigate the modification process on an electrode surface using the redox couple, Fe(CN)6 solution. In this study, Z′ and -Z″ are the real variable and the negative value of the imaginary variable of the impedance, respectively. It is well-known that the semicircle portion observed at high frequencies in Nyquist diagrams corresponds to the electron-transfer limiting process, and the linear part at low frequencies corresponds to the diffusion process. The electro-transfer resistance (Ret) value can be directly measured as the semicircle diameter. From Fig. 2 , it is easy to obtain the Ret values for the bare Au electrode (~1470 Ω) and the L-Cys/Au electrode (~820 Ω). The obvious decrease at the L-Cys/Au electrode may be ascribed to the good property of L-Cys monolayer that formed a high electron conduction pathway between the electrode surface and the negative On the other hand, for the AuNFs/L-Cys/Au electrode, the EIS showed an almost straight line at all frequencies, which suggests that the electrode reaction should be controlled by a diffusion process. This phenomenon could be due to the good conductivity of AuNFs and the electrostatic interaction between the negative Fe(CN)6 Fig. 3 . From Fig. 3 , it could be seen that the peak current (ip) of Fe(CN)6 3-/4-gradually increased and the peak potential separation (ΔEp) decreased slightly in the order of the bare Au electrode (83 mV, curve a), the AuNPs/Au electrode (80 mV, curve b), the L-Cys/Au electrode (68 mV, curve c), and the AuNFs/L-Cys/Au electrode (62 mV, curve d). Moreover, the E1/2 of the modified electrodes was shifted to the negative direction in the above order compared to the potential of the bare Au electrode. The changes of the CVs during the modification processes were another adamant evidence for the successful immobilization of the AuNFs and L-Cys monolayer on the electrode surface; and also, it could be obtained that AuNFs and the L-Cys monolayer had good properties to accelerate the electron transfer rate between the redox ions in a bulk solution and the surface of the Au electrode. In addition, the electroactive areas of different electrodes were obtained by CV using Fe(CN)6
3-/4-as the redox probe at different scan rates according to the Randles-Sevcik equation, . From the electroactive areas of different electrodes listed above, it can be seen that there is an obvious synergistic effect of AuNFs and the L-Cys monolayer on enhancing the electroactive surface area. It must be pointed out that this method for the electroactive area calculation is only suitable for a pure diffusive system, and the diffusion coefficient (D) is variable for rough and porous electrodes. 43 Thus, the value calculated by this method is just used to estimate the active surface area.
Electrochemical oxidation of DA, AA, and UA at AuNFs/L-Cys/Au electrode
The AuNFs/L-Cys/Au electrode has significant electrocatalytic activity towards oxidation reactions of AA, DA and UA. Figure 4 (A) shows the CVs of AA, where we can see an irreversible oxidation peak at ~0.325 V at the bare Au electrode (not shown). Two obvious peaks appeared at ~0.065 and ~0.058 V at the AuNPs/Au electrode (curve b), and the L-Cys/Au electrode (curve c) was observed, respectively. However, a sharp peak appeared at ~0.055 V with a 2.5-fold increase in the peak current compared to the AuNPs/Au electrode, and a 1.7-fold increase in the peak current compared to the L-Cys/Au electrode could be observed (curve d). DA presents a weak CV peak response at the bare Au electrode shown in Fig. 4(B) , but a pair of reversible and well-behaved redox peaks with a ΔEp of 47 mV and a 4.5-fold increase in the peak current (in comparison with bare Au electrode) can be observed. Similarly UA on AuNFs/L-Cys modified electrode shows 2.4-fold increase peak current compared to that at the bare Au electrode, as depicted in Fig. 4(C) . Moreover, it can be observed that the oxidation peaks of AA and UA at the modified electrode slightly shifted to the negative side, which may be attributed to the electrostatic interaction between AA (or UA) and the AuNFs/L-Cys modified electrode and the electrocatalytic activity of the modified electrodes. It is well-known that the AA (pKa = 4.2) and UA (pKa = 5.75) exist as negatively charged anions and DA (pKa = 8.92) exists as cation at physiological pH 7.0, 6 and DA is attracted by the negatively charged modified electrode surface (there maybe exists oxidized AuNFs and shows negative charge) and both AA and UA are repelled by the AuNFs/L-Cys/Au surface. From the increase in the peak current and the slight peak potential shift for the oxidation of AA, DA and UA at the AuNFs/L-Cys/Au electrode, it can be concluded that the AuNFs have excellent electroactivity towards the oxidation of these molecules. Compton et al. have demonstrated that modifying an electrode with porous layers of conducting material can shift the voltammetric peaks, because of a change in the mass-transport regime from planar diffusion to thin-layer character. 44 The excellent electrocatalytic activity of AuNFs modified electrode might be attributed to the special morphologies of AuNFs, which can change of diffusion regime at the surface of electrode.
Effect of the scan rate
The effect of scan rate on the oxidative peak potential and the peak current of AA, DA and UA at the surface of the AuNFs/L-Cys/Au electrode in a PBS solution was studied, and cyclic voltammetric curves of AA, DA and UA were obtained in order to investigate the kinetics of the electrode reactions (shown in Fig. 5 ). A linear relationship between the peak current and the scan rate from 0.050 to 0.200 V/s is observed for 0.4 mM AA, 0.050 to 0.300 V/s for 10 μM DA, and 0.075 When the scan rate is increased, the oxidation peak potentials for all three species shift to a positive direction. For AA and UA, no reduction peaks are observed at lower scan rates and only small reduction peaks are observed at high scan rates, which indicate irreversible electrode processes for AA and UA.
Effect of the pH
The catalytic responses of 0.4 mM AA, 10 μM DA, and 0.02 mM UA at the AuNFs/L-Cys/Au electrode could be seen from the DPV curves in 0.1 M PBS with the pH range of 1 -10 (shown in Fig. S2 and Fig. S3 and Fig. S4 in Supporting Information). The oxidation peak potentials of AA, DA, and UA shifted with the pH as the equations of Epa (AA) = 0.2376 -0.0334pH (r = 0.9983), Epa (DA) = 0.4986 -0.0535pH (r = 0.9983), and Epa (UA) = 0.6351 -0.0419pH (r = 0.9996). For AA, the slope of the peak potential with the pH is about 33 mV per pH, indicating that a 2e -/H + reaction was involved in the oxidation process. However, for DA and UA, the slopes are about 53 mV per pH and 42 mV per pH, respectively, suggesting a 2e -/2H + transfer process. Thus, the electrode reaction can be classified as an electrochemical reaction followed by a chemical reaction process, as reported previously. 29, 45 On the other hand, the changes in the AA, DA and UA peak currents with the pH were also investigated (shown in Fig. S2(B) ): the oxidative peak currents of AA and UA in acidic solution were higher than that in the basic solution and reached the maximal value at about pH 4.0 -5.0. The peak current of DA gradually increased with increasing pH, and reached the maximal values at about pH 8.0. In view of simultaneous determinations of AA, DA and UA, it is obvious that a pH value lower than neutral is favorable for higher sensitivity and higher selectivity. However, in order to maintain the physiological environment, pH 7.0 was chosen in our present study.
DPV signal of a mixture of DA, UA and AA
The DPV technique can provide a better peak resolution and current sensitivity, which is very suitable for the simultaneous determination of species in a mixture. Figure 6 From the above comparison of the voltammetric behaviors of these modified electrodes, we may believe that the electro-catalytic activity of the AuNFs/L-Cys/Au electrode comes from the cooperative effect of the two modified layers, the AuNFs layer and L-Cys layer, which can be used to detect DA in the presence of AA and UA. Moreover, it can be obtained that the electrochemical response peaks for DA, AA and UA oxidation at the AuNFs/L-Cys/Au electrode are clearly separated from each other when they coexist in pH 7.0 PBS. It is therefore possible to simultaneously or individually determine DA, AA and UA in samples at a AuNFs/L-Cys/Au electrode.
Possible interferences for the analysis of DA, AA and UA using the AuNFs/Cys/Au electrode were investigated by adding various species into the PBS (pH 7.0) containing 0.05 mM AA, 5 μM DA and 0.1 mM UA. The tolerance limit was defined as the molar ratio of the additive/nitrite causing less than a 5% relative error. The result showed that 500-fold citric acid, 200-fold glucose, 100-fold Cl -, PO4 3- , HPO4 2-and H2PO4 -did not interfere with the determination of these analytes, suggesting that the AuNFs/Cys-modified electrodes have good selectivity.
Determination of DA in the presence of AA and UA
The electro-oxidation processes of DA, AA and UA in the mixture were also been investigated when the concentration of DA changed, whereas both AA and UA remained constant; the results are shown in Fig. 7 . From Fig. 7 , it can be seen that the peak current of DA increased with an increase in the DA concentration. Under the optimum conditions, the DPV currents are proportional to the DA concentrations over the range of 5.0 × 10 -7 to 2.5 × 10 -5 M. The linear-regression equation is Ip(DA) (μA) = 0.6792 + 0.0396CDA (μM) and the correlation coefficient R = 0.9998 (n = 10). The lowest detection limit is found to be 2.8 × 10 -7 M. It is well-known that there are a lot of papers reporting the detection of DA using a modified gold electrode; some of the papers are listed in Table 1 . From Table 1 , it can be observed that the AuNFs/L-Cys/Au electrode exhibits a relatively wider linear range and lower detection limit compared to other modified electrodes.
The repeatability of the AuNFs/L-Cys/Au electrode for the determination of DA has been investigated through repeatedly recording the CVs for 10 times in a solution containing 10 μM DA. The relative standard deviation (RSD) was 2.6%. Furthermore, after the electrode was scanned in the above mentioned solution for around 50 times within 30 days, only a small decreased in the current sensitivity (about 18%) was observed. These results prove that the repeatability and stability of the modified electrode are good enough to apply in sample analysis.
This AuNFs/L-Cys/Au electrode has been used to detect a dopamine hydrochloride injection solution so as to assess the possibility of real applications. The dopamine hydrochloride injection solution (standard concentration of DA 10 mg/mL, 2 mL per injection) was diluted to 100 mL with water; then, 20 μL of this diluted solution or some amount of standard DA solution was injected into each of a series of 10 mL volume flasks, and made up to volume with 0.1 M PBS (pH 7.0). An aliquot of 2.0 mL of this test solution was placed in an electrochemical cell for the determination of DA using the above mentioned DPV method; the results are listed in Table 2 . From Table 2 , it can be seen that the standard relative deviation (SRD) and the recovery are reasonable, and thus this sensor is suitable for applications in the determination of dopamine with concomitant interferents.
Conclusions
In this study, the AuNFs were formed on the a L-Cys monolayer modified Au electrode surface, which was due to an inhomogeneous diffusion process induced by the L-Cys monolayer.
The modified electrode shows excellent electrocatalytic activity towards the oxidation of small molecules, such as AA, DA, and UA. The separation of the oxidation peak potential of these biomolecules in a ternary mixture is large enough to simultaneously or individually determine DA, AA and UA in samples at a AuNFs/L-Cys/Au electrode.
Sample analysis results for the dopamine hydrochloride injection solution show that this modified electrode can be used to detect real samples. 
